Parameters for milk pasteurization were established a long time ago, considering the thermal resistance of Mycobacterium bovis, and the systematic adoption of this process has drastically reduced the incidence of human tuberculosis caused by this pathogen. However, more recently, molecular methods have allowed the identification of genetic variations in this bacterium that may lead to greater thermal resistance. The aim of this study was to investigate whether genetic variation leads to variation in the death pattern of this bacterium during the milk pasteurization process. Samples of UHT (ultrahigh temperature)-treated whole milk were artificially contaminated with four different Mycobacterium bovis spoligotypes and were subjected to pasteurization by low-temperature long-time (LTLT) and high-temperature short-time (HTST) treatments. The M. bovis spoligotypes were quantified (Colony Forming Unit per milliliter of milk) before and during the thermal process. The decay of the pathogen was quantified by calculating the difference between the measurements at the beginning and at the end of the thermal treatment. The data demonstrated that the LTLT and HTST pasteurization processes considerably reduced the M. bovis load in the milk; however, the bacterium was not eliminated. There was no difference in the thermal resistance of the spoligotypes tested or in the efficiency of pasteurization processes (LTLT versus HTST). However, heating phase was more effective in reducing the M. bovis load than the target temperature maintenance phase. Key words: Batch pasteurization. Bovine tuberculosis. Flow pasteurization. Mycobacterium bovis. Thermal death.
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Resumo
Os parâmetros para a pasteurização do leite foram estabelecidos há muito tempo, considerando a resistência térmica de Mycobacterium bovis e a adoção sistemática deste processo reduziu drasticamente a incidência de tuberculose humana causada por este patógeno. Entretanto, mais recentemente, métodos
Introduction
Mycobacterium bovis is the agent of bovine tuberculosis, a zoonotic disease that can be transmitted through milk. When the infection occurs via the digestive tract, lesions on the pharyngeal and mesenteric lymph nodes are common (SINHA, 1994) .
Milk contamination can occur directly because of tuberculosis of the udder or indirectly through the excreta and secretions of infected animals, dust contaminated by their secretions and excreta, the hands of the milker, etc. (SINHA, 1994) .
In Brazil, recent studies carried out in 13 states, which hold 75% of the Brazilian cattle population, showed prevalence of infected herds with tuberculosis among 0.36% of the Federal District and 9.0% of São Paulo (BAHIENSE et al., 2016; BARBIERI et al., 2016; DIAS et al., 2016; GALVIS et al., 2016; GUEDES et al., 2016; LIMA et al., 2016; NÉSPOLI et al., 2016; QUEIROZ et al., 2016; RIBEIRO et al., 2016; ROCHA et al., 2016; VELOSO et al., 2016; VENDRAME et al., 2016) .
In Brazil and other countries, data regarding the occurrence of M. bovis in milk and dairy products are scarce and less precise, and reports of a low isolation frequency are common (KAHLA et al., 2011; LEITE et al., 2003; PEREZ et al., 2002; ZUMÁRRAGA et al., 2012) . Factors that contribute to this low isolation frequency include the intermittent excretion of the bacillus into the milk (PEREZ et al., 2002) and the observation that not all infected cows eliminate the bacteria via this route. Kahla et al. (2011) determined that only 5% of the cows testing positive for the single cervical test eliminated M. bovis through the milk, whereas Perez et al. (2002) reported that up to 30% of the infected cows eliminated the bacterium in this manner. In addition, it is possible that mixing contaminated milk with uncontaminated milk from healthy cows and slow growth of the agent contribute to the reduced initial contamination levels in milk, as does the lack of analytical techniques for the detection of low levels of contamination (MESSELHÄUSSER et al., 2012) .
Countries that adopted a broad and systematic policy for the pasteurization of milk observed a significant decrease in the incidence of human tuberculosis caused by M. bovis (SINHA, 1994) . The time and temperature parameters for the pasteurization process were established after studying the thermal resistance of Mycobacterium tuberculosis var. bovis (NORTH; PARK, 1927; OLDENBUSCH et al., 1930) and Coxiella burnetti (HUEBNER et al., 1948) , which are the non-sporeforming bacteria most resistant to heat and are natural contaminants of milk. It is important to emphasize that M. bovis was later classified as an individual species by Karlson and Lessel (1970) .
In Brazil, the pasteurization of milk has been mandatory since the early 1950s, and both HTST (high-temperature short-time, 72-75°C for 15-20 s) and LTLT (low-temperature long-time, 62-65°C for 30 min) pasteurization processes are allowed. Additionally, enzymatic criteria are used to control the process, which must inactivate alkaline phosphatase and maintain the activity of peroxidase (BRASIL, 1952) .
In the first studies, the thermal resistance of mycobacteria was evaluated by inoculating guinea pigs with milk treated with different combinations of time and temperature, followed by the observation of lesions at necropsy (NORTH; PARK, 1927; OLDENBUSCH et al., 1930) . In later studies, in vitro agent quantification methods were used to evaluate M. bovis and other mycobacteria (GRANT et al., 1996; HARRINGTON; KARLSON, 1965; KELLS; LEAR, 1960) . In the past 20 years, studies have focused on Mycobacterium avium subspecies paratuberculosis (SUNG; COLLINS, 1998; GRANT et al., 1996; GRANT et al., 2005; MCDONALD et al., 2005; PAVLAS, 1990; PEARCE et al., 2001) , which causes Johne's disease in cattle and is possibly associated with Crohn's disease in humans (RUDOLER, 1998).
The advent of molecular techniques, which allow the differentiation of genetic groups within microorganism species, leads to new scientific questions about a possible difference in thermal resistance of genetically different groups of M. bovis. The spoligotyping technique is widely used to discriminate M. bovis isolates at a molecular level, and since 1990, many groups from different parts of the world have demonstrated the high genetic variability of this species (RODRIGUEZ et al., 2004) .
A critical review by Lund et al. (2002) summarized the differences in thermal resistance of Mycobacterium paratuberculosis (the range was from under 2 to over 10 decimal reductions at 63°C for 30 s) and considered that this variability can be explained by many factors, such as the strains used.
Considering that a) infection of cattle by M. bovis is endemic in many countries, including Brazil; b) this bacterium can be transmitted to humans through the consumption of milk and dairy products; and c) little information is available on the thermal resistance of M. bovis, and d) there are no reports on the influence of the genetic variability of the bacterium on thermal resistance, this study evaluated the inactivation of M. bovis spoligotypes in whole milk during pasteurization.
Materials and Methods
Milk, artificially contaminated with M. bovis, was submitted to conditions that mimicked the batch and flow pasteurization (LTLT and HTST) processes.
Four of the 12 M. bovis spoligotypes isolated by Rodriguez et al. (2004) from cattle slaughtered in the state of São Paulo were used. The 4 spoligotypes selected for this study were as follows: SB0121 and SB0295, which were the most frequently isolated spoligotypes, have been described previously in Europe but not in other Latin American countries; SB0120, also named BCG-like, has been previously observed in several countries in Europe, the Middle East, Japan, and South Africa; and a new spoligotype classified as SB1140 (RODRIGUEZ et al., 2004) .
Each M. bovis spoligotype was individually cultured at 36°C for 10 days in Stonebrink-Leslie culture medium containing sodium monophosphate (Merck KGoA, Germany), potassium (J. T. Baker, Mexico), and sodium pyruvate (Vetec, Brazil). The inoculum (total volume 12 mL) was prepared by suspending 0.3 g of the culture in 0.85% saline solution and 0.05% Tween 80 solution (Synth®, Brazil). The inoculum (2 mL) was used to inoculate 25 mL of ultra-high temperature (UHT) whole milk and an aliquot was removed to quantify the initial load (Li). For the assays, samples of the milk inoculated with the different spoligotypes were distributed into 5 mL aliquots in 16 x 160 mm test tubes and placed in a water bath.
For the evaluation of the LTLT pasteurization process, the water bath was maintained at 65°C, and when the milk reached this target temperature, samples were removed every 5 min for 30 min. The samples were labeled LT1 to LT7. A similar method was used for the evaluation of the HTST pasteurization process; however, 2 different water baths were used (Quimis®, Brazil; Fanem®, Brazil). The first water bath was set at 85°C and the second at 75°C. In the first water bath, the samples were kept until the milk reached 75°C, then one sample was removed and the others were transferred to the second water bath to maintain milk temperature at 75°C. Subsequently, the samples were removed every 5 s for 20 s. These samples were labeled HT1 to HT5. Each pasteurization process was performed three times.
The enzymatic control of the pasteurization processes was investigated through the analysis of alkaline phosphatase (Laborclin®, Brazil) and peroxidase (BRASIL, 2006) in samples of raw milk subjected to the thermal processes, along with the experimental samples. An uninoculated sample of the UHT whole milk was used to monitor the temperature of the product during the thermal treatments.
In addition, milk heating curve was studied. Milk temperature was recorded seven times, every 20 s, until the milk reached target temperature (65°C and 75°C).
To quantify M. bovis, the samples were subjected to serial decimal dilutions in 0.1% peptone water (BD DIFCO, France) and 0.1 mL from each dilution was spread, in duplicates, onto the surface of Stonebrink-Leslie medium prepared in cell culture flasks (Techno Plastic Products Ag, Switzerland). Colony counts were performed after 45 days of growth at 37°C. The dilution chosen for counting produced between 10 to 150 colonies and the results were expressed as log 10 colony-forming units per mL (CFU mL -1 ) of milk.
The effects of the pasteurization processes on the CFU decay of the different M. bovis spoligotypes was measured for the heating (Li-LT1 and Li-HT1) and target temperature maintenance (LT1-LT7 and HT1-HT5) phases.
The comparison of the decay values of the M. bovis spoligotypes for each pasteurization process was performed using the Mann-Whitney test, whereas the differences in the decay values of each spoligotype for the slow and fast pasteurization processes were compared using the Wilcoxon test. The analyses were performed using the Minitab® software, version 16.2.2 (Minitab Inc., USA).
Results and Discussion
In all the raw milk controls, alkaline phosphatase and peroxidase enzymes were active, however, only the peroxidase remained active after the thermal treatment, demonstrating that the thermal processes tested and the official pasteurization parameters (BRASIL, 1952) were equivalent.
The CFU decay values for M. bovis are shown in Table 1 . There were no significant variations in the CFU counts during the target temperature maintenance phase of both pasteurization processes (data not presented). Furthermore, there were no significant differences in the decay values of the different spoligotypes or the spoligotypes subjected to the LTLT and HTST pasteurization processes. However, the data suggested that the SB1140 spoligotype was more resistant to heat because it exhibited a lower decay value (Table  1) . This observation could indicate a trend linked to its genetic composition. The confirmation of this hypothesis will require further testing using a larger number of samples. Table 1 demonstrates that there was an increase in the decay value during the heating phase of both the LTLT and HTST pasteurization processes (average duration 140 s and 120 s, respectively, shown in Figure 1 ) compared to the target temperature maintenance phase (duration 30 min and 20 s, respectively). The extended time could explain the high efficiency of heating phase of HTST process, but could not explain this for LTLT process, especially considering the time of exposure to temperatures at which bacterial death occurs. The extended time could explain the high efficiency of heating phase of HTST process, but could not explain this for LTLT process, especially considering the time of exposure to temperatures at which bacterial death occurs. Table 1 . Decay rate of Mycobacterium bovis during the thermal treatment of whole milk in water bath, mimicking the low-temperature long-time and high-temperature short-time pasteurization processes. Decay of M. bovis in milk (log CFU mL Similarly, in a study by Grant et al. (1996) investigating the resistance of M. paratuberculosis under LTLT pasteurization conditions, a large reduction in the microbial load was observed during the first 10 min, followed by a small alteration in the microbial load until the end of the 30 min process. Sung and Collins (1998) suggested that the agent is capable of "adapting" to the rising temperature during heating, likely through the induction of a heat-shock protein or other elements that protect the organism from the deleterious effects of heat during the subsequent maintenance phase. When M. paratuberculosis was inoculated into an unheated substrate, the authors observed a 1 log CFU mL -1 reduction after 90 s at 71°C, Similarly, in a study by Grant et al. (1996) investigating the resistance of M. paratuberculosis under LTLT pasteurization conditions, a large reduction in the microbial load was observed during the first 10 min, followed by a small alteration in the microbial load until the end of the 30 min process. Sung and Collins (1998) suggested that the agent is capable of "adapting" to the rising temperature during heating, likely through the induction of a heat-shock protein or other elements that protect the organism from the deleterious effects of heat during the subsequent maintenance phase. When M. paratuberculosis was inoculated into an unheated substrate, the authors observed a 1 log CFU mL -1 reduction after 90 s at 71°C, whereas a reduction of 6 log CFU mL -1 was observed during the 90 s when the inoculation was performed in a substrate already heated to that temperature.
In the literature, the small numbers of reports on thermal death of mycobacteria (M. bovis in particular) are old and few reports have been published since the 1960s. Furthermore, there are no reports regarding the thermal death pattern of M. bovis isolates circulating in Brazil. Kells and Lear (1960) observed that LTLT pasteurization led to the decay of M. bovis of 4 or more logarithmic cycles, which is similar to the values observed in this study with the exception of the SB1140 spoligotype. However, these and other authors (GRANT et al., 1996; HARRINGTON; KARLSON, 1965) observed the complete death of the M. bovis inoculum following the pasteurization of the milk, which was not observed in this study. Notably, the studies used an initial load similar to that used in this study (10 7 CFU M. bovis mL -1 ), with the exception of Harrington and Karlson (1965) who did not report the initial load of the agent. Despite the relevance of comparing the data from different studies, it is important to remember that there are differences between the tests reported here and those described in the literature, particularly with regards to the strain used, the agent quantification method, the time of inoculum addition to the substrate, and the characteristics of the substrate, pasteurization simulation system, and culture medium.
Based on the worst performance observed in this study, specifically the SB1140 spoligotype in the LTLT pasteurization process, one can speculate that in the worst case scenario of the natural contamination of a cow's milk (10 2 to 10 5 bacilli mL -1 ) (BALL, 1943; WILSON, 1948 ) the pasteurization process would not destroy the entire contaminating load. However, at farm and dairy plant levels, contaminated milk is mixed with uncontaminated milk, which reduces the initial load.
Based on the main observation of this study, i.e., the LTLT and HTST pasteurization processes considerably reduce but do not eliminate the M. bovis load in the milk, one can assume there is a risk to the milk-and dairy product-consuming population in countries where bovine tuberculosis is endemic, such as Brazil. However, considering the uncertainty of the initial M. bovis load in the milk under natural conditions, the dilution effect of the bacteria in bulk milk, the minimum infecting oral dose for humans, and the genotype diversity of M. bovis circulating in the Brazilian cattle population there is an urgent need for more studies in this area. Importantly, the tests must be performed on recent isolates and involve short culture time in the laboratory because successive passages in culture media can lead to increased thermal resistance (MERKAL et al., 1981; SUNG; COLLINS, 1998) .
There is no evidence that pasteurized milk or dairy products currently contribute significantly to cases of tuberculosis in humans. However, little attention has been given to the differentiation of the M. tuberculosis species complex because from a clinical point of view, the diseases are similar and the treatment does not depend on the characterization of the bacteria (AYELE et al., 2004; DE LA RUA-DOMENECH et al., 2006; THOEN et al., 2010) .
No differences were observed in the thermal resistance of the spoligotypes tested or in the decay of the CFU mL -1 of milk between the LTLT and HTST pasteurization processes. The heating phase was more effective at reducing the M. bovis load than the target temperature maintenance phase (65ºC for 30 min and 75ºC for 20 s, respectively).
